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Yet, as of today, the microscopic origin of the remarkable charge carrier dynamics in perovskite solar cells remains unclear. An often proposed idea to explain the enhanced separation and transport of photogenerated charge carriers describes the formation of ferroelectric domains, i.e., domains with alternating polarization.
Ferroelectric domains would provide local internal electric fields that assist with the separation of charge carriers and hence reduce recombination. [2] [3] [4] However, whether or not OMH perovskites are ferroelectric materials or exhibit other ferroic properties, and which effects might result from these properties have been a subject of debate for several years. A multitude of measurement techniques was employed in order to probe ferroic properties of single crystal samples, [5, 6] pressed powder pellets, [7] and polycrystalline thin-films [8] of OMH perovskites. Scanning microscopy techniques such as atomic force microscopy (AFM), [9] [10] [11] [12] scanning electron microscopy (SEM), [13] and tunneling electron microscopy (TEM) [14] were extensively used in order to reveal the microstructure of OMH-perovskite thinfilm samples with subgrain resolution. Some of these studies revealed ordered domains within crystal grains, but no consensus has been reached about the interpretation of their ferroic and crystallographic origins. Claims included piezoelectricity, [15] [16] [17] pyroelectricity, [5] ferroelasticity, [9, 12, 18] antiferroelectricity [19] as well as ferroelectricity, [10, 11, 15, 16, 20] and the seemingly contradictory reports on these ferroic properties have heated up the discussion. Techniques that probe large areas of specimens such as X-ray diffraction (XRD), [21] impedance spectroscopy, [22, 23] and J-V characterization [5, 7] added a rather spatially averaged picture of the samples' microstructure. For example, second harmonic generation (SHG) measurements were employed in order to identify whether or not OMH perovskites form polar crystals, but their interpretation led to ambiguous results. [5, 24] In order to clarify some of the confusion and seemingly contradictory reports on the ferroic and, in particular, ferroelectric features of OMH perovskites, we review and discuss some of the fundamental properties of this material class and correlate them with our own observations on perovskite thin-films. We deliberately focus on the ferroic properties of archetypical methylammonium lead iodide (MAPbI 3 ), representing the class of light-harvesting perovskites.
Whether or not methylammonium lead iodide (MAPbI 3 ) is a ferroelectric semiconductor has caused controversy in the literature, fueled by many misunderstandings and imprecise definitions. Correlating recent literature reports and generic crystal properties with the authors' experimental evidence, the authors show that MAPbI 3 thin-films are indeed semiconducting ferroelectrics and exhibit spontaneous polarization upon transition from the cubic high-temperature phase to the tetragonal phase at room temperature. The polarization is predominantly oriented in-plane and is organized in characteristic domains as probed with piezoresponse force microscopy. Drift-diffusion simulations based on experimental patterns of polarized domains indicate a reduction of the Shockley-Read-Hall recombination of charge carriers within the perovskite grains due to the ferroelectric built-in field and allow reproduction of the electrical solar cell properties.
Introduction
Efficient charge carrier separation and transport in organic metal halide (OMH) perovskites have enabled a new class of solar cells. [1] Even rather simple device architectures comprising polycrystalline light-harvesting OMH layers processed from solution can exhibit high power conversion efficiencies.
Ferroic Properties
To begin with, we want to review the various electric ferroic properties that generic crystalline materials can have. We deliberately exclude any magnetic ferroic material properties from our discussion as these have not been reported in MAPbI 3 in the literature to date. The ferroic properties of a crystal are determined by the structure and symmetry of its unit cell. Any break of the symmetry can incur a responsivity of the crystal to external stimuli. Therefore, all ferroic materials are non-centrosymmetric. Figure 1 shows a schematic overview of the ferroic crystal classes.
Piezoelectrics
In 20 of the total 21 non-centrosymmetric crystal classes, deformation leads to a displacement of charges and vice versa. These piezoelectrics can be probed by applying an external mechanical stress and measuring the resulting voltage at opposite crystal faces (piezoelectric effect), or by applying an electrical field and measuring the resulting deformation of the crystal (inverse or converse piezoelectric effect). Piezoelectricity can be probed with high spatial resolution by piezoresponse force microscopy (PFM). In this AFM technique, a modulated electrical field between a conductive tip and the sample generates a coherent mechanical response detectable by the deflection of the cantilever.
Pyroelectrics
Among the 20 piezoelectric crystal classes, 10 exhibit permanently polarized unit cells. These crystal classes are referred to as pyroelectrics. The built-in dipole leads to a strong electrical field in pyroelectric crystals, which is compensated by accumulation of charge carriers at the crystal surfaces. The magnitude of polarization in pyroelectrics depends on the temperature. Upon cooling or heating, the equilibrium of crystal polarization and compensating surface charges is temporarily shifted. This shift of the equilibrium induces a potential difference at the crystal faces, which is then compensated by a flow of charges. The higher the electrical or ionic conductivity of the crystal is, the faster this compensation takes place. Pyroelectricity is probed by measuring the surface potential difference and the corresponding compensation currents while heating or cooling a crystal at a constant rate. All pyroelectrics are also piezoelectric.
Ferroelectrics
In a subset of pyroelectrics, the so-called ferroelectrics, the spontaneous polarization of each unit cell can be reoriented under a sufficiently strong external electrical bias. The resulting polarization hysteresis is well known from poling experiments on insulating ferroelectric perovskites, such as barium titanate (BaTiO 3 ) or lead zirconate titanate (PZT), [25] and is the classical hallmark of ferroelectrics. [26] This polarizability of ferroelectrics can also become visible without applying an external field: when the crystal cools from the paraelectric (non-ferroelectric) to the ferroelectric phase, polarized domains comprising unit cells with parallel dipole orientation can form spontaneously which is also often considered as the definition and a fail-proof signature of ferroelectrics. [27] The temperature of phase transition from the ferroelectric to the paraelectric phase or vice versa is referred to as the Curie temperature T c . For example, a phase transition from a cubic crystal structure (above T c ) to a tetragonal crystal structure (below T c ) leads to mechanical stress, to a break of centrosymmetry, to a spontaneous polarization of the unit cell and hence to electrical fields in a crystal, which are partially compensated by charge carrier accumulations that generate depolarizing fields. This can lead to the formation of domains with alternating polarization in order to minimize the free energy. After this relaxation process, mediated by domain formation, a ferroelectric crystal typically has zero macroscopic net polarization and zero residual strain. [28] The existence of multiple polarized domains within a crystal is a unique feature of ferroelectrics. All ferroelectrics are piezoelectric and pyroelectric.
Anti-Ferroelectrics
Ferroelectric domains with alternating polarization are sometimes confused with anti-ferroelectric crystal properties. Anti-ferroelectrics exhibit an energetically favorable, antiparallel alignment of neighboring unit cells such that the polarization of neighboring unit cells is compensated. An anti-ferroelectric crystal cannot form stable domains over multiple unit cells. Upon application of a sufficiently strong external electric field, the polarization orientation of the unit cells in an anti-ferroelectric crystal can be temporarily aligned in one direction, but the crystal immediately reverts to its initial state when the external electric field is switched off (no remanent polarization).
Ferroelastics
Ferroelastics are not part of the crystal hierarchy that is depicted in Figure 2 , but rather describe materials with certain mechanical properties: Sufficiently high mechanical stress can lead to deformation and a change of the crystal orientation or crystal phase. This ferroelastic switching can mediate the formation of twin domains of alternating crystal phases or orientation. Purely ferroelastic domains are mechanical in nature, do not possess electrical dipoles, and hence are not influenced by external electrical fields. Ferroelasticity can be considered the mechanical equivalent to ferroelectricity. Ferroelastic domains can be probed via measurement techniques that reveal the local crystal structure in each domain (e.g., via TEM or µ-beam XRD) or by observation of topographical features of twinned domains at the crystal surface (e.g., via AFM or SEM). [29] Notably, while not all ferroelastic materials are ferroelectric, all common ferroelectric materials are also ferroelastic. This is why the formation of ferroelectric domains can very well be influenced by the mechanical stress that occurs when the crystal cools down below T c .
Experimental Evidence of Ferroelectric Domains in MAPbI 3 Thin-films
MAPbI 3 can exhibit orthorhombic (Pna2 1 ), tetragonal (I4cm), or cubic (Pm3m) crystal phases depending on the temperature. [30, 31] The orthorhombic and tetragonal phases are non-centrosymmetric, piezoelectric space groups, whereas the cubic phase is centrosymmetric. For solar cell applications, only the tetragonal phase of MAPbI 3 at room temperature and the cubic high-temperature phase above 327 K are relevant. Figure 2 illustrates the crystal structure of MAPbI 3 in its tetragonal phase at room temperature. The MAPbI 3 unit cell comprises two perovskite cubes with slightly twisted PbI 6 octahedrons (purple). [31] The pseudocubic perovskite lattice is 0.5% strained along the c-axis which imposes the tetragonal crystal structure onto MAPbI 3 . We note that the coexistence of tetragonal and cubic crystal phases up to 350 K has been reported. [32] With the mandatory requirements of non-centrosymmetry and piezoelectricity of the crystal structure being fulfilled, the question remains if any experimental evidence of ferroelectricity in MAPbI 3 in its tetragonal phase at room temperature exists. While most ceramic ferroelectrics are insulators that allow for evidencing ferroelectricity by electrical switching of the polarization without significant leakage currents, OMH perovskites are semiconductors. Therefore, switching cannot readily be accomplished by applying a high DC voltage. Electrical fields stronger than ≈4 V µm −1 lead to high electrical currents through the semiconductor and hence may thermally destroy the perovskite layer. Rakita et al. succeeded in poling tetragonal MAPbI 3 crystals under an electrical bias by lowering the temperature to 204 K, thus reducing the charge carrier mobility and the leakage current. [5] In addition, under an external electric poling field, the high ionic conductivity of iodide in MAPbI 3 may superimpose electrical effects or change the local material composition. [33] This is why, to date, poling experiments are not a reliable tool to prove or disprove ferroelectricity in semiconducting perovskites such as MAPbI 3 , and why the observation of domain formation by spontaneous polarization is the only reliable evidence of their ferroelectricity.
Typical perovskite solar cells comprise polycrystalline thin-films with thicknesses of a few hundred nanometers. Macroscopic measurements of the thin-film properties only show superimposed effects from many grains. Therefore, the investigation of the microstructure and possible ferroelectric properties of perovskite thin-films requires measurement techniques with smaller-than-grain-diameter resolution (100-1000 nm) such as AFM, PFM, or Kelvin probe force microscopy (KPFM). We note that the dimensions of the grains influence the ferroic features, such as the width and orientation of domains, which may partly account for different data interpretations throughout the literature. [34] In contrast to large single crystal samples, the properties of grains in thin-films are strongly influenced by interfaces, which are relatively large with respect to the crystal volume. Therefore, changing the substrate and interface beneath the perovskite layer does influence its grain growth and microstructure. [10] In addition, every process parameter that influences crystallization, such as annealing temperature and duration, could influence the orientation and size of grains and thereby any ferroic properties. . [10] The large, flat, and featureless grains were fabricated by sample annealing above T c (T = 100 °C, 60 min) and subsequent cooling to room temperature. This sample geometry minimizes any crosstalk from topography to other scanning probe measurements. Importantly, the micrographs depicted in Figure 3 were recorded in a glovebox under nitrogen atmosphere, so that the samples have never been exposed to air, in order to prevent contamination and deterioration of the sample surface.
Due to the non-centrosymmetry of the tetragonal unit cell at room temperature, MAPbI 3 thin-films exhibit piezoresponsivity which allows monitoring their properties using single-frequency PFM (sf-PFM). The PFM signal is obtained by applying an alternating electrical field between the bottom electrode of the sample and the AFM tip and by correlating this stimulus with the local mechanical response (inverse piezoelectric effect) of the MAPbI 3 layer. By measuring lateral (torsion of the cantilever) or vertical (deflection) movements of the AFM tip near the respective resonance frequencies, lateral (in-plane, L-PFM) and vertical (out-of-plane, V-PFM) crystal responses can further be distinguished. We note that sf-PFM measurements near the resonance frequency are sometimes susceptible to misinterpretation. However, Vorpahl et al. have demonstrated that dual-resonance tracking PFM obtains similar results to sf-PFM data. [11] Figure 3b shows the L-PFM image of the same sample position. Not only do we see a clear piezoresponse of the sample, but also do we observe 90 nm wide parallel stripes where the topography is absolutely featureless. The corresponding L-PFM phase images typically show a distinct 180° phase contrast between stripes. [21] Therefore, these stripes represent crystal domains of alternating polarization. As depicted in Figure 3d , on the vast majority of grains, these domains are hardly visible in V-PFM which lets us conclude that the direction of polarization in these grains is oriented in-plane. [21] The weak domain pattern in V-PFM may stem from a vertical deflection of the scanning cantilever by the lateral deformation of the crystal (buckling effects). We note that contact-resonance enhanced PFM measurements do not yield absolute magnitudes of polarization, but the strong contrast between domains on each grain unambiguously demonstrates varying mechanical response to the electrical stimulus in each domain region. The previously reported appearance of such domains in transmission electron micrographs provides evidences that the domains are a bulk property rather than a surface effect. [14] The existence of piezoresponsive alternating domains in these MAPbI 3 grains cannot be explained with a purely piezoelectric or pyroelectric crystal. would not respond to an electrical stimulus. However, we note that the formation of domains can be influenced by mechanical stress since every common ferroelectric material is also ferroelastic (see definitions above). This subtlety may well have contributed to the confusion and heated discussions around the ferroelectricity and/or ferroelasticity of MAPbI 3 in the past. Likewise, reports in the literature attempted to explain the PFM data of MAPbI 3 thin-films with ionic charging of the sample surface or areas of varying chemistry or phase. [12, 35] While ions certainly play an important role in the understanding of MAPbI 3 , the differences between L-PFM and V-PFM data as shown in Figure 3b ,d exclude surface effects such as ionic charge accumulation to be the origin of the PFM signal. [36, 37] While the polarization of domains can lead to charge carrier accumulation at surfaces, [38] such surface effects by themselves could not lead to the sharp contrast between neighboring domains with in-plane polarization and 180° phase contrasts. Likewise, electrostriction would only affect V-PFM measurements and not L-PFM measurements and, therefore, can also be excluded as the origin for domain contrast. Taking all the known literature data to date and our own measurements into account, we conclude that MAPbI 3 thin-films are semiconducting ferroelectrics.
While the vast majority of grains exhibit strong in-plane polarization (L-PFM, Figure 3b ) and, at most, only weak outof-plane polarization, occasionally, individual grains with both in-plane and out-of-plane polarization components were observed. [21] At the same time, their domain patterns can have different shapes than the strictly 90 nm wide stripes. A typical example is the grain in the center of the micrographs in Figure 3 . Since the polarization of the unit cell is correlated with its c-axis, [5] the different polarization pattern indicates a different crystal orientation than the surrounding grains. [21] Different crystal orientations and concurrently different crystal faces, however, would become visible in measurements of the surface potential. Indeed, the KPFM image in Figure 3c reveals a surface potential of about 500 mV (relative to AFM tip, red/ orange) on most grains, except for the one grain in the center of the image that produces the different polarization patterns. This grain exhibits significantly lower surface potential (≈300 mV, blue/green). In addition, the pattern of the polar domains is superimposed on the low surface potential of this grain. This finding suggests that the out-of-plane component of the alternating polarization on the differently oriented grain also modulates the surface potential.
The PFM measurements enable conclusions on the in-plane polarization of the MAPbI 3 thin-films, but the in-plane direction of the polarization vector remains hidden. Yet, symmetry considerations on the domain assembly allow for some conclusions. As exemplified in Figure 4 , occasionally, domains and domain walls were observed that continue at an angle of about 90°. [10] For reasons of symmetry, we conclude that these domains exhibit a polarization that is oriented 45° relative to the domain walls. Any other orientation would create two regimes of different polarization within one 90°-continuing domain. Furthermore, the contrast of amplitude between neighboring domains in L-PFM excludes 180° domain walls (antiparallel polarization direction), which would exclusively differ in the phase of the PFM signal. For the majority of grains with in-plane polarization, these considerations leave two possible domain configurations: the polarization direction in neighboring domains can either be organized head-tohead which would create charged domain walls, or head-to-tail which would leave the domain walls uncharged. In both cases, the polarization directions of neighboring domains form a 90° angle and a 45° angle with the domain walls.
While the PFM measurements provide a clear picture about the polarization of MAPbI 3 thin-films, the origin of the polarization in MAPbI 3 remains to be investigated. Well-known ferroelectrics such as BaTiO 3 exhibit spontaneous polarization upon cooling below T c by displacement of atoms along the c-axis, breaking the centrosymmetry and generating a polar axis. Indeed, in common inorganic ferroelectric perovskites, typically, the B-site cation is displaced, producing a polarization of the unit cell. [39, 40] In MAPbI 3 , this would correspond to a displacement of the Pb atom, but the experimental evidence is yet to be produced. Other previous works proposed that the dipolar methylammonium aligns in the crystal cage and thus produces polar unit cells. [2] At the same time, some simulations predicted that the methylammonium freely rotates within the crystal cage which would translate into no contribution to the polarization of the material. [41] Gallop et al. reported a preferentially oriented tumbling of the molecule [42] and Tan et al. concluded that the dipole orientation correlates with distortion of the tetragonal crystal lattice. [43] Whether or not the organic mole cule plays a role for the polarization in MAPbI 3 could be further explored in the future by changing the dipolar momentum of the A-site cation, e.g., by using nondipolar molecules or single atoms, and by tracking the changes in the polarization.
Implications for Material Design
The discussion surrounding the existence or absence of ferroelectric polar domains is mainly driven by which kind of influence such domains may have on the thin-film properties and ultimately the solar cell performance. This is pivotally important, not only for optimizing existing OMH perovskites, but in particular as a design criterion for new, more stable, and eco-friendly light-harvesting perovskites. Early simulations predicted a positive influence of polar domains on solar cell properties by generating separate charge carrier pathways that are energetically favorable for electrons or holes, thus reducing charge carrier recombination losses. [2] [3] [4] While the experimental results reviewed here prove the existence of ferroelectricity in semiconducting MAPbI 3 thin-films, experimental evidence for an effect of the polar domains on the charge carrier recombination has not been achieved yet.
In order to understand how charge carriers in an illuminated MAPbI 3 thin-film are influenced by polarized domains, Rossi et al. conducted drift-diffusion simulations on experimentally observed domain patterns. [44] Assuming head-to-head and tail-to-tail orientation of the domain polarization, these simulations revealed that polarized domains in MAPbI 3 thinfilms can effectively influence charge carriers, form separate electron-and hole-pathways and hence create charged domain walls as illustrated in Figure 5 . This configuration reduces the Shockley-Read-Hall recombination losses within grains and improves the fill factor as well as the overall power conversion efficiency of the corresponding solar cells. The experimental current density-voltage (J-V) curves were best reproduced with a polarization strength of 0.2 µC cm −2 . While the experimental data described above allows for both charged and uncharged domain wall configurations, simulations cannot reproduce the J-V curves assuming uncharged domain walls (head-to-tail domain polarization). Uncharged domain walls would hardly influence the charge carrier recombination but in effect rather compare to a zero-polarization (non-ferroelectric) scenario. Although uncharged domain walls may exist in MAPbI 3 grains in a polycrystalline thin-film, better device performance will be achieved if their formation is suppressed. Importantly, vertical (out-of-plane) components of the polarization do not show any notable influence on charge carrier density or recombination rates since, in steady-state, these polarization components are compensated by charge carrier accumulation at the interfaces to anode and cathode, respectively. However, if nonohmic contacts are assumed, the surface dipoles of vertically polarized domains may assist or hinder charge carrier extraction to the electrodes. [10, 45] As described above, grains that exhibit such vertical polarization components were only observed occasionally in our experiments while the vast majority of grains showed inplane polarization. In this light, the control of in-plane polarization deems to be important for future device and process designs. Yet, it remains to be investigated how to best control the polarization orientation in MAPbI 3 domains. Following up on recent discussions about ion migration in domains, we further speculate that, in dark conditions, charged domain walls are populated by ionic charge carriers (I − , CH 3 NH 3 + ) that are gradually replaced by electrons and holes upon illumination. This process might contribute to changes in photocurrent during dynamic illumination. [46] 
Conclusion and Perspective
MAPbI 3 thin-films are ferroelectric semiconductors. Any attempts to describe the experimental data with purely ferroelastic material properties, ionic charging, or ion migration assuming zero polarization (non-ferroelectricity), to date, remain incomplete.
MAPbI 3 thin-films can spontaneously form polar domains when samples cool down below T c . Annealing and cooling from the nonpolar cubic phase to the tetragonal ferroelectric phase is a part of nearly all fabrication processes published by perovskite solar cell researchers in recent years which is why we expect the formation of ferroelectric domains to be a prevalent effect on sufficiently large grains in most research labs.
Yet, we note that different samples, even from the same material, can exhibit different properties. For example, MAPbI 3 single crystals might exhibit different ferroic properties than polycrystalline thin-films since the latter are mostly dominated by surface and interface effects. And even thin-films of MAPbI 3 may possess different properties, for example, when deposited onto different surfaces.
Here we focused on the well-established MAPbI 3 in order to carve out a principal understanding of the ferroelectric effects in light-harvesting perovskites. Future investigations will show to what extent these findings can be reproduced on other light-harvesting perovskite compositions with enhanced efficiencies and robustness such as multication OMH compositions. On all accounts, the debate about ferroic properties of OMH perovskites is adding new important aspects of crystallographic understanding to the material design and the quest for new light-harvesting perovskites.
